The bias of nucleotide substitutions in noncoding sequences of the plant chloroplast genome is strongly dependent on the composition of the two flanking bases. Substitutions in G+C-rich environments have a strong bias toward transitions, while in A+T-rich environments, transversions outnumber transitions. In this study, the correlation between the composition of neighboring bases and nucleotide substitution bias is examined in a variety of coding sequences in the plant chloroplast genome. The analyses include both multiple sequence alignments, for the rbcL and n&F genes, and a pairwise comparison of rice and maize for 22 chloroplast genes. Substitution bias, measured in terms of transversion proportion, is found to be significantly correlated with the composition of the two neighboring bases, as in noncoding sequences. However, the influence of the two neighboring bases on substitutions in the &CL gene is different than what is observed in n&F and other coding sequences, where context dependency is the same as in noncoding sequences. This difference is examined and appears to be the result of an influence of nucleotides other than the two immediate neighbors on substitution bias in conjunction with a lower overall A+T content in the &CL gene. The results indicate that the synonymous substitution process in the chloroplast genome is strongly context dependent in a complex manner.
Introduction

Transition
(ts) and transversion (tv) substitutions occur at nonrandom relative frequencies in many DNA sequences, whether coding or noncoding (Brown et al. 1982; Gojobori, Li, and Graur 1982; Li, Wu, and Luo 1984) . Most frequently, transitions (purine-purine or pyrimidine-pyrimidine substitutions) are found to occur at a higher than expected relative frequency. Since this bias has been observed in noncoding sequences it appears to result at least partially from a bias in either nucleotide misincorporation, perhaps based on the stability of the mismatch (Topal and Fresco 1976) , or in mismatch repair (Radman and Wagner 1986; Jones, Wagner, and Radman 1987) .
The bias observed in nucleotide substitutions plays an important role in the theory concerning molecular evolution. The high frequency of transitions can affect estimates of substitutions per site (Kimura 1980; Nei 1987) as well as phylogenetic reconstruction that employs DNA sequence data (Swofford and Olsen 1990) . Therefore, models have been developed that account for a bias in substitutions (Nei 1987) . All of these models assume that the substitutional bias is uniform for all neutral substitutions, though few studies have actually tested this assumption.
One factor that could lead to different substitution biases at different sites is a context dependency, that is, an influence of the compositition of neighboring bases on substitution dynamics. Neighboring base composition influences a variety of processes at the molecular level, from polymerase fidelity and proofreading (Petruska and Goodman 1985) to mismatch repair efficien-cy (Radman and Wagner 1986; Jones, Wagner, and Radman 1987) and mismatch stability (Cheng, Chou, and Reid 1992) .
Possible neighboring base influences have been observed in sequence comparisons of mammalian pseudogenes in which neighboring base composition is correlated with substitution rate (Blake, Hess, and Nicholson-Tuell 1992) . Strong evidence has also been observed in noncoding sequences of chloroplast DNA from members of the grass family (Poaceae), where neighboring base composition is strongly correlated with substitution bias. Substitutions occuring at sites where the two neighboring bases (the nucleotide immediately 5' and the nucleotide immediately 3') are both either G or C have a significantly stronger bias toward transitions than when both flanking nucleotides are an A or a T (Morton 1995; Morton and Clegg 1995) . This context dependency is observed in noncoding sequences throughout the entire chloroplast genome. As a result, noncoding regions with greater A+T contents have higher proportions of transversions (Morton 1995) . The observation that substitutions in noncoding regions of the chloroplast genome are influenced by neighboring base composition raises the question of whether or not biases in substitutions in chloroplast coding sequences are similarly affected. Since the same context dependency is observed in noncoding sequences sampled from all areas of the genome, it is expected that all neutral substitutions, whether in coding or noncoding sequences, should be affected in the same manner and have the same context dependency.
Previous analyses have also been limited to members of the grass family. The existence of context dependency in other flowering plants has yet to be tested.
Since the chloroplast genome, and the rbcL gene in particular, is widely used in plant systematics (Clegg 1993) , a solid understanding of the substitution process, including neighboring base influences, is important. The present study tests for context dependency of substitutions in chloroplast coding sequences by using three dif- ferent analyses. Two of these are multiple sequence alignments; one of the large rbcL data set now available (see Chase et al. 1993 ) and one of n&F (Clark, Zhang, and Wendel 1995; Kim and Jansen 1995) . The third is a comparison of genes from the complete genome sequences of rice (Hiratsuka et al. 1989 ) and maize (Maier, Neckermann, and Igloi 1995) . Substitutions at four-fold degenerate sites were tested for the existence of a correlation between neighboring base composition and substitution bias. It was found that, as in the noncoding sequences studied previously, substitution bias, measured by the proportion of transversions, is significantly different when neighboring bases differ in their A+T contents. This correlation is found for all flowering plant families, monocot or dicot. A significant influence of positions other than those immediately flanking the site of substitution is also found. Therefore, substitution dynamics at synonymous sites of the plant chloroplast genome are influenced by context in a more complex manner than previously supposed.
Materials and Methods
All sequences used in this analysis were downloaded from GenBank. From the available angiosperm rbcL sequences, 422 were chosen and divided into 11 different data sets, 3 monocot and 8 dicot, as shown in table 1. The sequences were selected to span the flowering plants and subsets were composed of sequences that were not highly diverged from one another. The main group (or groups) of each particular data set is also given in table 1. Outgroups for each were selected based on the global analysis of rbcL (Chase et al. 1993) . A complete species listing for each data set is available on request. For ndhF, all available sequences from the Asteraceae (Kim and Jansen 1995) and the Poaceae (Clark, Zhang, and Wendel 1995) were used. Coding sequences from rice and maize were extracted from the complete genome sequences.
For each rbcL data set a maximum-parsimony analysis was performed using PAUP 3.1.1 (Swofford 1991 a Number of the two immediate neighboring nucleotides (5' and 3') that are A or T.
b The number of observed transitions (ts) and transversions (tv). c Cumulative data from noncoding sequences (Morton 1995; Morton and Clegg 1995) .
All character state changes were weighted equally. Five replicate heuristic searches were performed with random input order and all most-parsimoniuos trees found were used to generate a 50% majority-rule consensus tree. For ndhF the published phylogeny was employed.
For the alignments of rbcL and ndhF the phylogeny was used to infer multiple substitutions per site. In the comparison of rice and maize sequences, a single substitution per site was assumed due to the low level of divergence observed in the sequences (Morton 1995) . Only sites with conserved neighboring bases were included. Substitutions at four-fold degenerate sites were scored as either transversions or transitions. In addition, the composition of the first two codon positions and the 3' neighboring base was scored for each substitution. The neighboring bases, or flanking bases, are the second codon position of the codon where a substitution occurs and the first codon position of the 3' neighboring codon. For each substitution the number of the two immediately flanking bases that are A or T (neighboring base A+T content) was counted as 0, 1, or 2. Multiple substitutions per site were analyzed with MacClade 3.0 (Maddison and Maddison 1992) by using the Character Trace function to lay the substitution onto the consensus tree generated for that data set. For unresolved nodes, if substitutions of the same type, for example, two C-to-T substitutions, occured in separate branches descending from that node, a single event was scored.
Results and Discussion
Comparison of Context Dependency in Different Chloroplast Genes
The correlation between flanking base composition and substitution bias at four-fold degenerate sites in rbcL is given in table 2. There is a significant difference in proportion of transversions in the three possible contexts (P < 0.001) indicating the possibility that there is an influence by neighboring base composition on substitutions. All of the individual rbcL data sets show a significant context dependency with the exception of Ml (Poaceae), which has the smallest number of observed substitutions.
Despite the context dependency in rbcL, there is a noticeable difference when the relationship between context and substitution bias in rbcL is com- Two possibilities can be considered with regard to the unique substitution dynamics in rbcL. The first is a more complex context dependency than what has been considered to date-an influence by neighboring bases other than those immediately adjacent to the site of substitution.
The second is selection for codon bias.
Influence of Larger Neighboring
Regions on This type of context dependency-an influence by Substitution Bias a larger neighboring region as a function of the comto the AT-rich ndhF gene and noncoding sequences, as is observed.
When substitution bias at four-fold degenerate sites from all analyses is compared to the composition of six, as opposed to two, flanking nucleotides, a significant correlation is found under certain conditions (table 6) . When the two adjacent nucleotides are both G or C there is no significant difference between substitutions occuring in different contexts over six bases. However, when both flanking bases are A or T there is a significant increase in transversion proportion as the A+T content over six bases increases. As a result, a high proportion of transversions is only evident when four or more of the six flanking bases are A or T. The case of a single flanking A or T is more complex. A significant difference is observed in the comparison to six bases, but this is due to the high proportion of transversions in the first category which has only 27 substitutions.
Therefore, a trend is difficult to determine.
Another way to test for an influence of a larger context is by comparing the average composition of nucleotides surrounding transitions and transversions, as shown in table 7. When both adjacent bases are A or T, transversions occur in a significantly higher A+T content over 10 flanking bases on average. In the cases where either one or two neighbors are G or C, no difference is observed in the average context of the two types of substitutions.
The same result is found for an analysis of six or eight neighbors (data not shown). Therefore, transversions occur in higher A+T contexts on average, but this itself appears to be a function of the composition of the two immediate neighbors. Only when the adjacent nucleotides are both A or T is a significant influence observed.
Nucleotide composition at positions further removed than the immediate neighbors might also influ- Table 5 ence substitution bias at a site. position of the two adjacent nucleotides-is an interesting feature of the molecular evolution of the chloroplast genome in itself and could also potentially explain the difference between rbcL and other genes. If we consider only those sites at which the two flanking bases are both A or T, overall gene composition will influence the substitution dynamics leading to variation between genes, as is observed.
At sites where the two neighboring bases are A or T, both rbcL and n&F have a significant increase in transversion proportion as the A+T content over six flanking bases increases (table 8) . Even in rbcL this trend is observed. When three of six neighbors are either A or T, substitutions are biased toward transitions, but when five neighbors are A or T the two substitutions occur at roughly equal frequency. The main difference between the two genes is in the distribution of substitutions among the different six-base contexts. The lower A+T content of rbcL results in a distribution in which most substitutions occur in a context of 2 or 3 A+T over six bases. In ndhF, most occur in the 4 or 5 A+T context, resulting in a higher transversion proportion overall. (It should be noted that the genetic code makes the 6 A+T context impossible in coding sequences.)
It is also seen that the overall increase in the complete analysis (table 6) is not simply the result of combining the different distributions of the rbcL and ndhF genes. This is evident from the comparison of rice and maize. Again, we use only those substitutions that occur at sites for which both neighbors are A or T. Considering the composition of six flanking bases for such sites, those with three or fewer A+T neighbors have a tv:ts of 7:15, while sites with four, five, or six have a ratio of 84:55. This is a significant difference between the two classes (P < 0.01). Also, the distribution is, like ndhF, skewed toward the second group. Thus, the only comparison that has a distribution skewed to the 3 A+T context over six bases is rbcL. As a result, the exception of rbcL in terms of context dependency (table 2) appears to be the result of a combination of two factors. The first is an influence of a larger context on the bias of these substitutions, and the second is the lower A+T content in rbcL, which gives a different distribution of substitutions among the possible contexts.
Selection and Context Dependency in the Plant Chloroplast Genome
The results above strongly support the notion that four-fold degenerate sites in the flowering plant chloroplast genome have a substitution process that is dependent on the composition of neighboring bases. The highly significant results from monocots and dicots, as well as throughout the rice/maize genomes, indicate that the context dependency is a general feature of the entire genome and that it exists in all flowering plants.
Given that the context dependency is observed in noncoding as well as coding sequences, it is most probably the result of a bias at the level of mutation and not generated by selection. In particular, selection for codon given are the proportions of substitutions that are transverbias is not a likely explanation.
First, there is no evidence that the codon bias of plant chloroplast genes, with the possible exception of psbA, is the result of selection (Morton 1996) . Second, when the synonymous groups are studied independently, each displays a different substitution process depending on the 3' neighboring base (table 9) . It is not apparent how selection for specific codons could result in such a general difference in substitution process as a function of neighboring base composition.
A more plausible explanation for the context dependency is that misincorporations by either the DNA polymerase or the mismatch repair process, or both, are dependent on neighboring base composition. If this is the case, then it is likely that context dependency will vary between genomes as a function of the enzymes involved, and the context dependency observed in the flowering plant chloroplast genome, increasing transversion proportion with increasing A+T context, should not be generalized. In addition, the findings are different from those from mammalian genes (Blake, Hess, and Nicholson-Tuell 1992) . Therefore, the specific context dependencies of other genomes and the chloroplast genome from nonflowering plants will have to be investigated separately. Despite this, it is interesting that the context dependency in the chloroplast genome is similar to some observations from biochemical studies. Mismatches that lead to transversions are repaired with very low efficiency in A+T-rich environments in E. coli (Radman and Wagner 1986) . Also, GA mismatches, which lead to G-T or A-C transversions, are more stable when the neighboring bases are A and T than when the neighbors are G and C (Cheng, Chou, and Reid 1992) . The importance of these similarities, though, remains to be investigated.
Comparison of Dicots and Monocots
Another point of interest concerning the molecular evolution of plant chloroplast sequences is apparent from the results. In the Asteraceae and Poaceae n&F analyses, the dicot family, the Asteraceae, has a significantly higher proportion of transversions in each context and overall: 41.4% versus 28.4% for the Poaceae (table 2) . In rbcL, there is also a significantly higher proportion of transversions in dicots than in monocots. The dicot data sets have a combined proportion of transversions of 41.4% while monocots have a combined proportion of 30.7%, which is very similar to the ndhF results. This increase in transversion proportion in the dicots for both ndhF and rbcL is statistically significant (P < 0.01) and suggests that mutation dynamics have, in some manner, changed during the course of angiosperm divergence. The result is-that large analyses of chloroplast sequences will certainly be using sequences with different substitution processes.
Conclusions
The data presented here show that the bias of neutral substitutions in coding sequences of the plant chloroplast genome is strongly influenced by the composition of flanking nucleotides. The context dependency appears to be more complex than has been previously proposed (Morton 1995) . The composition of several neighboring bases has an influence on substitution bias in such a way that there are sites which have a much lower bias toward transitions. Variation between sites in substitution dynamics is, therefore, even larger than what would be assumed from the influence of just the two neighboring bases. It remains to be determined whether this context dependency of neutral substitutions has an effect on molecular evolutionary studies that rely on models which assume an independence between sites and whether, despite selective constraints, context effects are observed at two-fold degenerate sites such that silent-to-replacement ratio differs depending on the composition of the surrounding nucleotides. Such questions must be addressed in order to more fully understand the complex dynamics of molecular evolution now apparent in the plant chloroplast genome.
